Abstract For more rapid and sensitive simultaneous analysis of a 356 pesticide multiresidues by gas chromatography-tandem mass spectrometry (GC-MS/MS), a microbore (20 m length 9 0.18 mm i.d.) column, instead of the conventional narrow bore column (30 m length 9 0.25 mm i.d.), and pulsed pressure injection (PPI) were evaluated in this study. An analysis time of 35.2 min with the narrow bore column was greatly reduced to 17.8 min with the microbore column. Retention times of all target compounds on the new microbore column were adjusted using the automated adjustment of retention time function. The microbore column gave significantly higher peak heights and narrower peak widths compared with the narrow bore column, resulting in enhanced sensitivity. The use of PPI at an optimized pressure of 250 kPa for the microbore column also increased peak heights and signal-to-noise (S/N) ratio by about 30%, indicating more than twofold-threefold enhancement of sensitivity compared with the narrow bore column without PPI. In the best case of the late eluting compound etofenprox, the S/N ratio significantly increased more than ninefold. In conclusion, compared to a narrow bore column, using a microbore analytical column with PPI function produced peak sensitivity enhancement and a shorter analysis time.
Introduction
Since pesticides and their metabolites generally remain on crops after application, more rapid, reliable, simultaneous, and sub-ppm (parts per million) level analytical methods for pesticide residues are essential to ensure food safety and human health. Recently, instead of traditional gas chromatography (GC) or high-performance liquid chromatography (HPLC), gas chromatography-tandem mass spectrometry (GC-MS/MS) and liquid chromatographytandem mass spectrometry (LC-MS/MS) have been playing vital roles in monitoring pesticide multiresidues in various food matrices (e.g., vegetables, fruits, and grains), since these techniques can rapidly analyze hundreds of pesticide residues in a simultaneous manner with high sensitivity and specificity [1, 2] .
In MS/MS, the multiple reaction monitoring (MRM) technique provides excellent chromatographic specificity, but sensitivity consistently needs improvement to cope with a very low level of residues, especially for GC-MS/MS, which in general has lower sensitivity compared to LC-MS/ MS. We noticed that changing or optimizing chromatographic parameters such as column type and injection pressure can greatly enhance the sensitivity in GC-MS/MS to yield better chromatographic characteristics.
A microbore column refers to a column with an inner diameter ranging from 0.1 to 0.2 mm [3] . This column can supply a high linear velocity without a high carrier gas flow, which helps to sharpen the chromatographic band, providing high sensitivity by reduced resistance to mass Electronic supplementary material The online version of this article (doi:10.1007/s13765-017-0290-z) contains supplementary material, which is available to authorized users.
transfer [4] . It was expected that a microbore column would help to achieve high sensitivity and selectivity in combination with MS/MS.
After changing to a column with different dimensions, adjusting the new retention times of a few compounds is not a difficult process. However, the adjustment can be an incredibly time-consuming, tedious, and laborious process when the target compounds number is more than 300. The automated adjustment of retention time (AART) program, which has not been explored extensively to date, was selected in this study to determine whether such a process was feasible. Since high-pressure injection will carry a large amount of sample into the column, pulsed pressure injection (PPI) was also evaluated to increase sensitivity.
The purpose of this study was to optimize the column parameters and injection pressure to achieve better sensitivity for GC-MS/MS in order to develop a fast, simultaneous, and reliable analytical method for 356 GC-amenable pesticides. For this purpose, a microbore column was employed for fast and highly sensitive GC-MS/MS analysis, and the sensitivity was compared to that of a conventional narrow bore column. The changed retention times of 356 compounds on the new microbore column were adjusted using an AART program, and PPI was used with the microbore column to obtain higher sensitivity.
Materials and methods

Chemicals and pesticide standards
High-purity reference standards of 356 pesticides were obtained from Chem service (West Chester, PA, USA), Sigma-Aldrich (St, Louis, MO, USA), and Dr. Ehrenstorfer (Augsburg, Germany). A standard solution of n-alkanes C7-C32 (100-200 lg/mL) was purchased from Restek (Bellefonte, PA, USA).
GC-MS/MS instrumentation
GC-MS/MS analysis was performed on a Shimadzu GCMS-TQ8040 triple quadrupole mass spectrometer (Kyoto, Japan). GC separations were compared with the Rxi-5SIL MS microbore column (20 m 9 0.18 mm i.d., 0.18 lm, d f ) and Rxi-5Sil MS narrow bore column (30 m 9 0.25 mm i.d., 0.25 lm d f ) from Restek (Bellefonte, PA, USA). For the microbore column, the oven temperature was programmed as follows: 50°C (1 min) ? 200°C at 25°C/min ? 300°C at 10°C/min (8-min hold). For the narrow bore column, the oven temperature was programmed as follows: 70°C (2 min) ? 160°C at 15°C/min ? 260°C at 50°C/ min ? 300°C at 15°C/min (8-min hold). A constant flow (1.0 mL/min) of He (C99.999%) was used as carrier gas, and argon at a pressure of 200 kPa was used as collision gas. The transfer line and ion source temperatures were 280 and 230°C, respectively. The retention times and MRM transitions including quantifier, qualifier ion, and collision energies (eV) of each target compound are shown in the Supplementary Material.
Automated adjustment of retention time (AART) and retention indices
The conventional narrow bore column (30 m), the most popular capillary column in GC analysis, was replaced with a microbore column (20 m) in this study. Because retention times on the microbore column were different from those with the narrow bore column, the new retention times of the 356 target analytes were calculated by adjusting the retention indices using the AART function in the GC/MS solution software.
To calculate the retention indices of target compounds, 1 lg/mL of n-alkane mixture solution containing hydrocarbons (C7-C32) was analyzed with the 30-m conventional narrow bore column. On the basis of the n-alkane retention times, the retention index of each analyte was calculated with the following non-isothermal Kovats retention index equation: [5] [6] [7] .
Retention index ¼ 100
where n is the number of carbon atoms eluting immediately before the unknown compound, and t R smaller alkane and t R larger alkane are the retention times of n-alkanes eluting immediately before and after the unknown compound, respectively. After changing the 30-m narrow bore column to a 20-m microbore column, the n-alkane mixture was reanalyzed using modified GC conditions. By comparing the retention times of the n-alkane hydrocarbons from the two methods, new retention times of the target analytes were predicted using retention indices in the AART function.
Pulsed pressure injection (PPI) parameters
PPI was employed for more effective transfer of target analytes onto the column. An experiment was conducted using the microbore column conditions to determine the optimum inlet pressure in order to increase peak sensitivity. One microliter of solvent standard mixture (50 ng/mL) was injected at inlet pressures of 180, 250, 300, and 350 kPa over 1.5 min, while a pressure of 142.4 kPa was the normal condition without PPI. The influence of PPI conditions on signal response was evaluated by comparing the average peak area and height of all target analytes.
Evaluation of peak sensitivity
In order to compare peak sensitivities, the matrix-matched standards solution (1 lL, 10 ng/g) of chili pepper, prepared by the modified QuEChERS method, [8, 9] was injected into the GC-MS/MS using either the narrow bore or microbore column with three replicates. From the obtained chromatograms, parameters for peak sensitivity including peak height, width at half height (W h ), and signal-to-noise ratio (S/N) were calculated.
Results and discussion
Retention time adjustment by AART It is known that a column of smaller inner diameter (i.
ity. An analysis time of 35.2 min with the narrow bore column was greatly reduced to 17.8 min with the microbore column under optimal oven conditions. With the shortened analytical time, new retention times of all target compounds were predicted by the AART function.
The AART function is capable of simultaneously adjusting the retention times of target compounds based on linear retention indices, which are constants for a given column phase and GC parameters [10] . Several studies have used linear retention indices as an identification tool for metabolite profiling [5, 6] . However, few studies have reported an application case in which a large difference in column dimensions resulted in large retention time changes of numerous compounds.
After the retention time of each target analyte on the new microbore column was calculated by AART, it was compared with the actual retention time obtained from injection of a standard solution. Figure 1 shows the statistics of retention time differences between predicted versus observed retention times of 376 peaks (356 pesticides). Most of the predicted retention times were consistent with the real analytical values; 70.9% of the target analytes had differences less than ±0.05 min, indicating that extremely high accuracy was achieved over a wide range of retention times, even though the retention times were significantly reduced with the microbore column. For example, the predicted retention times of fenobucarb (6.933 min) and pirimiphos-ethyl (9.205 min) exactly matched their observed retention times.
Since AART operates by multipoint correction using many n-alkane hydrocarbon compounds of low to high boiling point, it gave extremely accurate results over the entire chromatographic range with many target compounds. Another retention time adjustment tool, retention time locking (RTL), works by a different mechanism whose purpose is to maintain a constant retention time by controlling the column flow when the same nominal column is changed or cut, using a locking compound (e.g., chlorpyrifos-methyl) [11] [12] [13] [14] .
Retention time prediction by the AART function is proved to be applicable to MRM method development in multiresidue analysis through improvement of efficiency and convenience.
Effect of pulsed pressure injection (PPI)
PPI helps to effectively transfer target analytes into the column through an increased inlet injector pressure. In addition to increasing peak response, the optimum pulsed inlet pressure is also known to improve sample loading capacity and decrease matrix effects due to reduced time of interaction in the injector [15, 16] . In order to optimize the pulsed pressure function of the inlet, relative peak areas and heights under various inlet pressures were compared with those of the microbore column. Figure 2 shows average peak areas of 356 target analytes (n = 3) under various pulsed pressure conditions. The relative peak areas and heights (%) were expressed after normalization to non-pulsed pressure injection (142.4 kPa). As shown in Fig. 2 , an inlet pressure of 250 kPa gave the highest response of peaks, leading to increases of approximately 30% for peak area and height compared with no pressure injection. These results were consistent with previous studies, which showed that pulsed pressure injection under optimal inlet pressure conditions was useful for improving efficiency of sample injection [16, 17] . Also, it should be noted that the initial column oven temperature and volume of the inlet liner could affect the optimum pulse pressure [18] .
Enhancement of peak sensitivity on a microbore column with pulsed pressure injection Peak width at half peak height (W h ), peak height, and signal-to-noise (S/N) ratio for 20 representative compounds are shown in Table 1 . The microbore column gave significantly higher peak height and narrower W h compared with the narrow bore column. W h on the microbore column was half that of the narrow bore conditions, demonstrating increased chromatographic efficiency. As a consequence, the relatively higher peak height led to a greater S/N ratio for most of the compounds, suggesting that a lower limit of detection or quantitation could be achieved. It was also observed that the use of PPI at an optimized pressure of 250 kPa with the microbore column further increased the peak height and S/N ratio by about 30%, a twofoldthreefold enhancement of sensitivity compared to the narrow bore column without PPI. In the best case of the late eluting compound etofenprox, the S/N ratio significantly increased more than ninefold. Relative ratio (%) of peak height and area (non-pulsed pressure injection= 100%)
Inlet pressure (kPa) Height Area Fig. 2 Influence of pulsed pressure injection on average peak area and height of 356 target analytes (n = 3). A 50 ng/mL solvent standard mixture (1 lL) was injected, and the results obtained from non-pulsed pressure injection were set to 100% conventional and 20-m microbore columns when 10 ng/g of matrix-matched standard solutions prepared using chili pepper was injected. Chromatographic peaks of these compounds obtained with the microbore column showed relatively narrower and sharper peak shapes than those from the conventional column.
In conclusion, compared to a 30-m narrow bore column, employing a microbore analytical column with the PPI function led to an improvement in peak sensitivity and a shorter analytical time. 
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